Rationale Consumption of alcohol begins during late adolescence in a majority of humans, and the greatest drinking occurs at 18-25 years then decreases with age. Objectives The present study measured the differences in ethanol intake in relation to age at the onset of ethanol access among nonhuman primates to control for self-selection in humans and isolate age effects on heavy drinking. Methods Male rhesus macaques were assigned first access to ethanol during late adolescence (n=8), young adulthood (n= 8), or early middle age (n=11). The monkeys were induced to drink ethanol (4 %w/v in water) in increasing doses (water then 0.5, 1.0, 1.5 g/kg ethanol) using a fixed-time (FT) 300-s schedule of food delivery, followed by 22 h/day concurrent access to ethanol and water for 12 months. Age-matched controls consumed isocaloric maltose-dextrin solution yoked to the late adolescents expected to be rapidly maturing (n=4). Results Young adult monkeys had the greatest daily ethanol intake and blood-ethanol concentration (BEC). Only late adolescents escalated their intake (ethanol, not water) during the second compared to the first 6 months of access. On average, plasma testosterone level was consistent with age differences in maturation and tended to increase throughout the experiment more for control than ethanol-drinking adolescent monkeys. Conclusions Young adulthood in nonhuman primates strongly disposes toward heavy drinking, which is independent of sociocultural factors present in humans. Ethanol drinking to intoxication during the critical period of late adolescence is associated with escalation to heavy drinking.
Introduction
Across cultures, ethanol use most often begins during late adolescence (Degenhardt et al. 2008) . Worldwide, harmful use of ethanol results in 2.5 million deaths/year and accounts for 9 % of deaths (320,000 deaths/year) among 15-29-year olds according to the World Health Organization (2011). Heavy drinking is most common among young adults, 18-25 years (Chen and Kandel 1995; Dawson et al. 2008) . Individuals who begin drinking during late adolescence (high school) have 3-fold increased likelihood of heavy drinking as middle-aged adults (Merline et al. 2004) . Early age at the onset of ethanol drinking is associated with increased likelihood of future dependence (Dawson et al. 2008; Grant and Dawson 1997; Grant et al. 2001 Grant et al. , 2006 and predicts ethanolrelated problems (Schuckit and Russell 1983; Hingson et al. 2006) . Age at first ethanol-induced intoxication also predicts subsequent harmful drinking (Warner and White 2003; Morean et al. 2012) . The quantity of ethanol consumed during youth may influence the risk of alcohol use disorder (Norberg et al. 2009 ).
Epidemiological and clinical studies acknowledge that humans are not randomized to drink as adolescents, so there Electronic supplementary material The online version of this article (doi:10.1007/s00213-013-3417-x) contains supplementary material, which is available to authorized users.
is a possibility of self-selection. Covariates of early-onset ethanol use could influence the trajectory to dependence. Early-onset drinkers may have heavy drinking parents, a stressful environment, deviant peers, or weaker social roles that, if present, compete with ethanol drinking (Rossow and Kuntsche 2013; Skidmore and Murphy 2011) . As targets for changing adolescent's ethanol use, social factors are difficult to manipulate. Biological variables that are proposed to account for alcoholism risk from early-onset drinking include hypothalamic-pituitary-gonadal (HPG) axis activity. Pubertal maturation, orchestrated by the HPG axis, is positively correlated with ethanol use after controlling for age (Biehl et al. 2007 ). The likelihood of ever having consumed ≥1 glass of ethanol increased as sex hormones testosterone or estradiol levels increased in a cross-sectional study of 11-16-year-old boys, controlling for age, but only estradiol was correlated with lifetime ethanol use (de Water et al. 2012) .
Studies of humans rely on self-report, which may be biased (Sartor et al. 2011) . We developed a model in which nonhuman primates are induced to drink ethanol and then have 12 months of daily access to ethanol and water for 22 h/day. We previously observed heavy ethanol drinking (>3.0 g/kg ethanol/day, equivalent of about 12 drinks) and average blood-ethanol concentration (BEC) exceeding the legal definition of intoxication (80 mg/dl), in 40 % of young adult cynomolgus monkeys . Our definition in monkeys matches human alcoholic drinking, which may include >22 drinks/day for several days (Majchrowicz and Mendelson 1970; Mello and Mendelson 1970) and exceeds binge drinking (≥5 drinks/occasion) (Dawson et al. 2005) . In monkeys, we documented physical dependence during abstinence (Cuzon Carlson et al. 2011) , tremors the morning after heavy drinking (Welsh et al. 2011) , fatty liver after 6 months of ethanol drinking, and liver inflammation after 18 months which are consistent with the onset of alcoholic liver disease in humans (Ivester et al. 2007 ). The three studies referenced above used the same ethanol self-administration protocol as the present study and, therefore, can capture trajectories to harmful ethanol use.
Nonhuman primates have similar ethanol pharmacokinetics, genetics, social organization, and endocrine characteristics to humans (Green et al. 1999; Grant and Bennett 2003) A key advantage of the monkey model is the ability to study the onset of chronic drinking to intoxication and future heavy drinking. The present study is the first in which primates were randomly assigned to age at first ethanol access. This experimental design isolates the contribution of age to escalation of ethanol intake, spanning late adolescence, young adulthood, and middle age. This study does not explore factors that lead to early onset of ethanol drinking. These are circumvented by having age as an independent variable. The data address the very basic question of whether age at the onset of ethanol drinking or first intoxication is related to future heavy ethanol consumption in primates.
Methods and materials
The subjects were male rhesus macaques (n=31, Macaca mulatta, 5.3-10.6 kg) differing in age at the onset of ethanol access: late adolescents with access to ethanol (n=8, 4.0-4.6 years), late adolescent controls (n=4, 4.4-4.5 years), young adults (n=8, 5.0-5.6 years), and middle-aged adults (n=11, 6.9-9.7 years). The experiment investigated a time of rapid growth and physiological changes, so yoked controls were included for late adolescents to track maturation via testosterone. As young adults and middle-aged adults were mature, controls were not included. All the monkeys were born and reared at the Oregon National Primate Research Center with their mothers until 2-3 years of age. In nature, puberty begins during the breeding season at 4 years in male rhesus monkeys (Mann et al. 1993) . In lab studies, the onset of puberty in male rhesus macaques occurs between 2 and 4 years based on descent of testes, with change in perineal color coinciding with peak growth at 4.5 years on average (Watts and Gavan 1982) . Monkeys in the current study were individually housed in quadrant cages (0.8 m×0.8 m×0.9 m) in a temperature-(20-22°C) and humidity-(65 %) controlled room with a 11-h light cycle (lights on, 6:00-8:00 a.m.). Individually housed monkeys had continuous visual, auditory, and olfactory contact with the other monkeys in the housing room. Each cage had an operant panel on one wall that delivered food and liquids. All monkeys were weighed weekly. The monkeys were trained and given three meals per day as previously described . Daily meals were modified to allow steady body weight increase throughout the experiment. Due to age differences, the percentage weight gain from after acclimation to the end of the study was greatest among late adolescents (late adolescent drinkers, 30±10 %; late adolescent controls, 33±5 %; young adults, 18±17 %; middle-aged adults, 11±8 %). All animal procedures were approved by the Oregon National Primate Research Center IACUC and were performed in accordance with the NIH and the Guide for the Care and Use of Laboratory Animals.
Apparatus
The panel within each animal's cage is updated from a previously described apparatus (Vivian et al. 2001) . A computerized system (Dell Computer Corporation, Round Rock, TX, USA with interface and programming environment from National Instruments Corporation, Austin, TX, USA) controlled each panel, which had two drinking spouts, a row of three lights (red, white, and green) above each spout, a central recess containing a dowel pull and light, and a magazine for delivery of banana-flavored pellets (Bio-Serv, Frenchtown, NJ, USA) via tubing connected to a pellet dispenser (Med Associates, St. Albans, VT, USA) secured to the cage. The panel also contained a hole with a poke-sensitive infrared switch (OTBVR81L, Banner Engineering, Minneapolis, MN, USA). Tubing connected the spouts through computercontrolled valves (Parker Fluidics, Cleveland, OH, USA) to a fluid reservoir on a digital scale (AV4101C, Ohaus Corporation, Pine Brook, NJ, USA), which interfaced with the computer.
Ethanol access
Ethanol self-administration was induced using scheduleinduced polydipsia Vivian et al. 2001) . One banana-flavored pellet was delivered every 5 min [fixedtime (FT) 300-s schedule] until a volume of water equivalent to 1.5 g/kg ethanol (4 %w/v, in water) or a programmed dose was consumed, after which pellets were delivered [fixed-ratio (FR)-1] after a 3-h time out. The FR-1 schedule occurred until the daily ration of pellets was consumed or the end of the session (22 h/day). The programmed dose of ethanol increased every 30 days beginning at 0 g/kg/day (a volume of water equivalent to 1.5 g/kg ethanol), then 0.5 g/kg/day (mean ± SEM, 86±3 ml), 1.0 g/kg/day (157±6 ml), and finally 1.5 g/ kg/day (228±10 ml). After induction of 1.5 g/kg/day of ethanol, the monkeys had concurrent access to ethanol (4 %w/v) and water for 22 h/day or to maltose-dextrin (10 %w/v, in water) and water (control monkeys). Isocaloric controls were yoked to late adolescent monkeys with ethanol access and provided maltose-dextrin to match the calories in the average dose of ethanol consumed the previous week by their experimental counterpart. Maltose-dextrin was provided daily to control monkeys during induction and access to ethanol for 22 h/day, but drinking of maltose-dextrin was not induced using the FT schedule.
Assays
The monkeys were trained to participate in awake venipuncture using food treats (Porcu et al. 2006) . Circadian variation in testosterone approaches a nadir during the morning in adult male rhesus macaques (Urbanski 2011 ). Morning (6:00-8:00 a.m.) blood draws (3 ml) prior to the first meal provided plasma for assay. Samples were set on ice until centrifuged (3,000 rpm, 15 min, 4°C) and stored at −80°C. Total plasma testosterone was assayed by Endocrine Services Technology Laboratory at ONPRC using a Roche Cobas e411 (sensitivity, 0.025-15 ng/ml; inter-assay variation, 5.7 %). BEC was measured by gas chromatography from samples obtained at 30, 60, or 90 min after the onset of 0.5, 1.0, and 1.5 g/kg induction sessions, respectively, and approximately every 5 days, 7 h after onset of 22-h/day-access sessions ).
Data analysis
The dependent variables included ethanol intake (g/kg), drinking bout measures (continuous fluid displacement with <5 min between records), BEC, percentage of heavy drinking days (daily intake >3.0 g/kg, about 12 drinks), and testosterone level. Bout measures reveal drinking patterns suggestive of gulping, e.g., consuming the daily dose in fewer bouts or in bouts of greater volume and duration. The independent variables were age (three levels: late adolescent, young adult, middle-aged adult), age at first intoxication as indicated by BEC≥80 mg/dl (two levels: before 5 years, after 5 years), and time (two levels: first 6 months of 22 h/day access, 181-201 sessions/monkey; second 6 months of 22 h/day access, 159-227 sessions/monkey). Dependent measures were compared between the first and second 6 months of the experiment because of rapid growth and physiological changes during late adolescence. Control monkeys were included in the analysis of plasma testosterone level. The data were analyzed using linear mixed models in which monkey was the subject variable, and the covariance structure was the best fit according to Schwarz's Bayesian Information Criteria. This statistical approach is based on the likelihood function instead of analysis of variance and is appropriate for longitudinal data sets in which individuals differ in the trajectory of behavior, implying unequal covariance among measures within subjects (Littell et al. 1996; Krueger and Tian 2004) . Post hoc testing for significant main effects and interactions were conducted using Bonferroni-corrected planned comparisons (t tests). All analyses were conducted using SAS 9.2 (Cary, NC, USA), with values α<0.05.
Results
Young adult rhesus monkeys self-administered greater doses of ethanol (mean ± SEM) (3.2±0.02 g/kg/day, 352-354 days/ monkey) compared to late adolescent (2.5±0.02 g/kg/day, 360-361 days/monkey) and middle-aged monkeys (1.7± 0.02 g/kg/day, 407-408 days/monkey) [F(2, 24)=10.0, p= 0.0007]. Most young adults (6/8) were heavy drinkers, with daily intake of >3.0 g/kg throughout the 22-h/day sessions. In contrast, few monkeys in the other age groups were heavy drinkers (3/8, late adolescents; 0/11, middle-aged adults). Among young adults, the BEC measured every fifth day was significantly greater (102±2.4 mg/dl, 62-64 samples/ monkey) than middle-aged adults (43±2.1 mg/dl, 45-47 samples/monkey) or late adolescents (54.2±2.3 mg/dl, 65-66 samples/monkey) [F(2, 23)=8.1, p=0.002]. Mean BEC for most young adults (7/8) was >80 mg/dl, exceeding the US legal limit for intoxication (Fig. 1) .
The age at the onset of ethanol access among late adolescents ranged 4.0-4.6 years and did not correlate with average ethanol intake. However, the age at which drinking to BEC≥ 80 mg/dl was first measured (first intoxication) during 22 h/ day access to ethanol varied from 4.4 to 5.6 years and inversely correlated with average daily ethanol intake over 12 months of access (r=−0.75, p=0.03). Late adolescents that first became intoxicated before 5 years of age self-administered greater doses of ethanol during 12 months of access (n=4, 3.0±0.02 g/kg/day) compared to monkeys with intoxication delayed to >5 years of age (n=4, 2.1±0.03 g/kg/day) [F(1, 6)= 6.6, p=0.04; Fig. 2 ]. Monkeys that drank to intoxication before 5 years of age had~2-fold greater BEC (69.3 ± 3.2 mg/dl) compared to monkeys that first drank to intoxication after 5 years of age (39.1±2.9 mg/dl), but this was not statistically significant [F(1, 6)=1.2]. Of those first intoxicated before 5 years, 3/4 had mean BEC > 70 mg/dl and 3/4 first intoxicated after 5 years had mean BEC < 40 mg/dl. Age at first intoxication did not correlate with average daily intake among the other age groups.
Monkeys with first access to ethanol as late adolescents had increased ethanol intake over months [F(2, 24) = 415.1, p< 0.0001] according to post hoc tests [t(22) = −26.9, p<0.001: first 6 months, 2.2±0.03 g/kg/day; second 6 months, 3.0±0.02 g/kg/day]. In contrast, ethanol intake over the same intervals decreased among young adults by the equivalent of almost 2 drinks/day [t(22)=12.8, p<0.001: 3.4±0.03 g/kg/day to 3.0±0.02 g/kg/day] and decreased slightly among middleaged adults [t(22)=−5.8, p<0.001: 1.8±0.02 g/kg/day to 1.7± 0.02 g/kg/day; Fig. 3 ]. The average percentage of total calories from ethanol was 25±6 % among late adolescents (first 6 months, 20.3±5.8 %; second 6 months, 28.9±7.0 %), 37± 5 % among young adults (first 6 months, 37.5±6.5 %; second 6 months, 37.4±6.0 %), and 23±11 % (first 6 months, 21.2± 10.4 %; second 6 months, 22.8±11.8 %) among middle-aged adults. The percentage of total calories from ethanol differed significantly between the first and second 6 months of access only for late adolescents [F(5, 22)=8.7, p=0.0001, t(22)= −5.0, p=0.0009]. Ethanol self-administration increased in most late adolescents (7/8) and decreased in most young adults (6/8) (Fig. 3) . Among late adolescents, the heaviest drinkers showed a steep and steady increase in the daily dose of self-administered ethanol throughout the first 6 months of access (Supplemental Figure 1a) . The slope to asymptotic drinking could not be calculated due to multiple or no plateaus of intake. Overall, the Supplemental figures show that consistent trends of increasing or decreasing drinking were absent among middle-aged monkeys, in contrast to the intake of late adolescents or young adults.
Among late adolescents, BEC 7 h after session onset was significantly greater [F(2, 22)=6.2, p=0.007] during the second 6 months (75.6±3.7 mg/dl) as compared to the first 6 months (39.6±2.6 mg/dl) of 22-h/day access. Greater intoxication during the second 6 months among late adolescents was not determined by food intake (see "Methods and materials" Section), and the percentage change in meal size from the first to the second 6 months of ethanol access did not correlate with the percentage change in ethanol intake (r=0.34, p=0.41) or Fig. 1 a Young adult rhesus monkeys (filled circles) self-administered greater doses of ethanol compared to late adolescent (triangles) or middleaged adult monkeys (diamonds) as measured from 393 to 408 sessions/ monkey, and b young adults had greater blood-ethanol concentration 7 h after the onset of daily access (47-66 samples/monkey) during more than 12 months of 22 h/day daily access to ethanol. Heavy drinking was defined as >3.0 g/kg/day (equivalent of 12 drinks) and > 80 mg/dl (horizontal lines) (Vivian et al. 2001; Grant et al. 2008 ) Fig. 2 The age at which late adolescent male rhesus monkeys first became intoxicated (BEC ≥ 80 mg/dl) correlated significantly (r=−0.75, p=0.03) with the mean daily dose of ethanol that they subsequently consumed during more than 12 months of 22 h/day access to ethanol BEC (r=0.16, p=0.71) . In contrast, BEC did not differ between the first and second 6 months among young adult (101.0 ±3.3 to 103.0±3.6 mg/dl) or middle-aged (37.7±2.8 to 47.4± 3.0 mg/dl) monkeys. Regardless of age at first intoxication, late adolescents had greater BEC during the second 6 months (intoxication <5 years, 84.2±5.5 mg/dl; intoxication >5 years, 67.1±4.8 mg/dl) as compared to the first 6 months of access (intoxication <5 years, 59.4±3.9 mg/dl; intoxication >5 years, 19.8±2.7 mg/dl) [F(1, 6)=32.6, p=0.001]. Age at first intoxication among late adolescents was significantly correlated with mean BEC during the first 6 months (r=−0.79, p=0.02) but not the second 6 months (r=−0.34, p=0.41), when BEC was greater.
From the first to the second 6 months of access to ethanol, the percentage of days with intake >3.0 g/kg increased~2-fold (23±8 to 48±12 %) among late adolescents. All late adolescents had more heavy drinking days during the second as compared to the first 6 months. In contrast, the percentage of heavy drinking days was greater in young adults but decreased from 63±10 % (Fig. 4b , where the vertical line bisects the frequency distribution) during the first 6 months to 49±10 % during the second 6 months (6/8 monkeys). The percentage of heavy drinking days was lower among middle-aged adults, with a slight increase from the first to the second 6 months of access (7±2 to 11±4 %; Fig. 4) , observed in only 4/11 monkeys using a criteria of 1 % change. Abstinent days (defined as <0.1 g/kg) were rare (late adolescents, 2.2± 1.7 %; young adults, 2.1±0.3 %); but among middle-aged adults, intake was <1.0 g/kg on 1/3 of days, and on 6.7±11 % of days they were abstinent.
The ages did not differ in water intake [F(2, 25)=3.3, p= 0.06]. Water intake decreased between the first and second 6 months of access among late adolescents (985±11 to 901± 9 ml/day) and young adults (1,639±19 to 1,531±21 ml/day) and increased among middle-aged adults (1,199±13 to 1,306 ±11 ml/day) [F(2, 24)=93.8, p<0.0001]. The escalation of fluid intake among late adolescents was therefore specific to ethanol.
With regard to the drinking pattern, maximum duration of ethanol bouts, F(2, 24)=44.3, p<0.0001, and maximum bout volume, F(2, 24)=42.6, p<0.0001, increased significantly among late adolescents from the first to the second 6 months of access and was stable among young and middle-aged adults (Table 1) . Increased bout volume and duration only among late adolescents is consistent with the changes in ethanol intake and BEC. Among monkeys that first became intoxicated before or after 5 years of age, maximum bout duration and volume increased from the first to second 6 months of access. Within these groups, age at first intoxication correlated with ethanol bouts and maximum bout duration, but only during the first 6 months (r=−0.80, p=0.02 and r=−0.72, p=0.04, respectively) and not the second 6 months (r=−0.69, p=0.06 and r=−0.57, p=0.14, respectively). In contrast to the changes in ethanol bout duration and volume, the number of bouts in which the daily ethanol dose was consumed was similar across 6-month intervals for all age groups. During 12 months of access, the number of ethanol bouts (r=0.18, p<0.0001), maximum bout duration (r=0.27, p<0.0001), and maximum bout volume (r=0.40, p<0.0001) correlated with BEC during both the first and second 6 months of access, except the bout number (Table 1) .
Consistent with group differences in maturation, late adolescents (mean±SEM of drinkers, 1.3±0.2 ng/ml; controls, 1.7±0.2 ng/ml) had significantly lower plasma testosterone level at the onset of the experiment compared to young adults (8.9±4.0 ng/ml) and middle-aged adults (10.3±1.2 ng/ml), but similar plasma testosterone level to age-matched controls [F(3, 27) =22.1, p<0.0001]. Plasma testosterone levels did not change significantly between the first and second 6 months of self-administration (late adolescent drinkers, 2.3±0.3 to 3.6± Fig. 3 Mean daily ethanol selfadministration (a-c) and bloodethanol concentration (BEC, d-f) measured every 5 days, 7 h after onset of the 22-h/day session during approximately the first 6 months (filled bars; 181-202 sessions/monkey) and second 6 months (open bars; 152-227 sessions/monkey) of access to ethanol among monkeys differing in age at the onset of ethanol access (a and d, late adolescents; b and e, young adults; c and f, middle-aged adults) 0.6 ng/ml; late adolescent controls, 3.0±0.5 to 5.9±1.5 ng/ml; young adults, 8.3±1.0 to 6.9±1.0 ng/ml; middle-aged adults, 10.0±0.8 to 11.5±0.9 ng/ml). Although not significant, plasma testosterone levels increased~2-fold among late adolescent controls, in which the percentage increase during the second compared to the first 6 months of access was, on average, greater among controls (231±70 %) compared to late adolescents with access to ethanol (159±21 %). Testosterone level among adults was consistent between the first to the second 6 months of ethanol access (young, 81±10 %; middle-aged, 114±12 %). Across and within groups, testosterone level at baseline was not correlated with daily ethanol intake mean during the first (r=0.17, p=0.33) or second 6 months (r=−0.16, p=0.42) of access.
Age differences in response to induction and experience with ethanol intoxication during schedule-induced polydipsia did not contribute to age differences in ethanol intake during 22 h/day access. During induction, BEC increased significantly with dose for each group [F(2, 45)=138, p<0.0001; Table 2 ]. However, across 0.5, 1.0, and 1.5 g/kg induction, there were no group differences in BEC, including late adolescents that first experienced intoxication before or after 5 years of age. There were no consistent and significant differences between the groups in duration and volume of the largest bouts during each phase of induction (Table 2) . Maximum bout duration was weakly, but positively, correlated with BEC, r=0.15, p= 0.003, but as shown in Table 2 , this widely varied across the age groups and phases. Maximum bout volume, however, positively correlated with BEC, r=0.63, p<0.0001, and also among each age group in most induction phases.
Discussion
These data show two main influences of age on ethanol selfadministration in macaques. First, young adults were heavier drinkers compared to late adolescents or middle-aged adults, similar to humans (Dawson et al. 2008; Grant et al. 2001) . Second, late adolescents escalated their ethanol intake as they matured into young adulthood ( Figs. 3 and 4 ; Supplemental Figure 1) . The age at which monkeys first became intoxicated (BEC>80 mg/dl) strongly and inversely correlated with the average dose of ethanol consumed during 22 h/day access across the experiment (Fig. 2) . This finding resembles data in humans that self-reported age at first intoxication predicted the frequency and amount of drinking (Morean et al. 2012) and Fig. 4 Frequency distributions of daily ethanol intake across 1-g/kg intervals among rhesus macaques differing in age at onset. a Late adolescents. b Young adults. c Middle-aged adults. The vertical line at 3.0 g/kg indicates the operational definition of heavy drinking In humans, the percentage of individuals using ethanol increases steeply between 14 and 18 years, a time of transition from adolescence to young adulthood (Chen and Kandel 1995) . In addition, the similarity of the current data to crosssectional or longitudinal data in humans depends on the common assumption that self-report provides an estimate of ethanol intake and that age differences in cross-sectional analyses are similar to longitudinal patterns within individuals. Although it appears that age differences in ethanol intake in monkeys are consistent with the patterns suggested by human self-report, the longitudinal design of the present study includes accurate and frequent measures of both ethanol intake and BEC which are not feasible in humans. The importance of these data is to demonstrate the capacity of the model to address potential mechanisms involved in ethanol use that are likely to be important in humans and could be targets for intervention. Plasma testosterone level was lower among late adolescent compared to young adult and middle-aged monkeys, indicating that late adolescents were relatively immature at the onset of the study. Compared to plasma testosterone level in late adolescent controls that, on average, increased nearly 2-fold between the first and second 6 months, testosterone increased only slightly among ethanol drinkers in this age group. Ethanol intake therefore appeared to suppress gonadal maturation in macaques, which is consistent with the reports that testosterone and luteinizing hormone concentrations among adolescent males that abused drugs and alcohol were about 2-fold lower compared to controls (Diamond et al. 1986 ). The current study did not find a correlation between plasma testosterone and ethanol intake, in agreement with a crosssectional study of Dutch boys showing that plasma testosterone did not correlate with recent or lifetime ethanol consumption (de Water et al. 2012) .
The current data show statistically similar ethanol intake among late adolescent and young adult monkeys, although the frequency of ethanol use, the percentage of daily drinkers (Chen and Kandel 1995) , and monthly binge drinkers (Substa nce A buse and M enta l He alth Servic es Administration 2012) differ greatly between late adolescent and young adult humans. This difference could be related to access to ethanol. The percentage of 8th, 10th, and 12th grade students reporting that ethanol is easy to obtain is about 58, 79, and 90 %, respectively (Johnston et al. 2013) . It is unknown whether human adolescents would drink similar amounts as young adults given equal access. Access to ethanol was matched between age groups in the current study, and intake among late adolescents was nearly as great as young adults. Limited access may therefore be an important factor for controlling ethanol use in human adolescents because when access was equivalent among the age groups in the current study, late adolescents consumed nearly as much ethanol as young adults.
In contrast to the agreement between the current data and data in humans, other animal models collectively find greater ethanol intake during adolescence compared to young adulthood (Barr et al. 2004; Brunell and Spear 2005; Melendez 2011 ). Previous studies comparing heavy drinking in adolescent and adult rodents did not report longitudinal measures of BEC and session durations varied from 1 h/day (Broadwater et al. 2011 ) to 20-24 h/day (Brunell and Spear 2005; Vetter et al. 2007 ). The only previous study of rhesus monkeys found that adolescent females <4 years of age, who were reared with peers instead of their mothers, drank more flavored ethanol in 1-h sessions over 3 weeks compared to young adults (Barr et al. 2004) . Comparison of the results of the present study with Barr et al. (2004) is not possible because the access conditions and duration of study were very different. Age differences in average daily ethanol intake in the current study were not related to differences in learning to drink ethanol, or ethanol pharmacokinetics, as BEC and drinking bout parameters did not differ between the age groups during schedule-induced polydipsia. With each phase of induction, BEC increased in association with increased maximum bout volume, whereas increased maximum bout duration was not correlated, or was negatively correlated, with BEC. These relationships were similar between the age groups. The data suggest that adjunctive drinking in response to intermittent reinforcement schedules is similar between late adolescence and middle age in primates, although comparison across FT schedules (Grant and Johanson 1989) would be needed to confirm this. The similarity of ethanol intake during induction suggests an absence of age differences in ethanol pharmacokinetics, and thus differences in intake during 22 h/ day access are likewise not due to pharmacokinetics.
Age differences in ethanol intake and intoxication emerged during 22 h/day access, when the FT schedule of pellet delivery was absent. In the current study, monkeys that began drinking during late adolescence escalated their ethanol intake and BEC only during 22 h/day access, eventually matching the intake of young adults. This escalation appears to be unique to primates. Adolescent rats do not escalate their intake compared to adults (Vetter et al. 2007) . Escalated ethanol intake is expected to reflect homeostatic adaptation to repeated challenge (i.e., tolerance). Greater escalation of ethanol intake among late adolescents in this study suggests that the endogenous processes modulated by ethanol, e.g., GABAergic and glutamatergic neurotransmission (Cuzon Carlson et al. 2011) , adapted more quickly to repeated exposure to ethanol. Additional studies are needed to determine whether age differences in hypothalamic-pituitary-adrenal activity could relate to age differences in ethanol self-administration (Helms et al. 2012 (Helms et al. , 2013 .
Patterns of intake during 22 h/day access differed between the age groups, suggesting age differences in regulatory consumption and homeostatic adaptation to chronic ethanol. Overall, ethanol intake among young adults upon initial access was high, whereas late adolescents' initial intake was lower, similar to middle-aged monkeys. Age at onset of access, therefore, not initial intake, was associated with future escalation of ethanol self-administration. Escalation is a criterion for ethanol dependence (American Psychiatric Association 2000) and appears to characterize the drinking of humans with late adolescent onset (Clark et al. 1998) . These data in nonhuman primates show that escalation of ethanol intake after the onset of drinking during adolescence occurs when sociocultural factors that are covariates of adolescent onset of ethanol drinking in humans are held constant (e.g., family, peers). Escalation of intake was observed in nearly all monkeys that began drinking during late adolescence, but not in few monkeys that began drinking as young or middle-aged adults, suggesting a critical period for escalation of ethanol intake.
